The influence of reticulated platelets (RPs) on platelet inhibition by ticagrelor when compared with prasugrel is unknown. We aimed to determine the influence of RPs on adenosine diphosphate-(ADP-) induced platelet aggregation in patients with acute coronary syndrome who were randomly assigned to receive either ticagrelor or prasugrel for P2Y 12 receptor inhibition.
Introduction
Current guidelines recommend a dual antiplatelet treatment strategy with aspirin and one of the two novel P2Y 12 receptor antagonists ticagrelor or prasugrel to prevent subsequent thrombembolic complications in patients with acute coronary syndrome (ACS) and planned interventional treatment strategy. 1 However, the pharmacodynamic efficacy of P2Y 12 receptor inhibitors differs considerably among individuals and numerous studies have demonstrated that platelet reactivity measured after stimulation with adenosine diphosphate (ADP) predicts adverse cardiovascular events. 2 -4 Several factors influence platelet reactivity on therapy with P2Y 12 receptor inhibitors. 5 Recent findings indicate that platelet reactivity might be influenced by RPs, as well. These are young and immature platelets that are newly released from the bone marrow by megakaryocytes. 6 They differ considerably from mature platelets by being larger in size and by having cytoplasmatic content of mRNA enabling on-going protein synthesis 7 which might aggravate their prothrombotic potential. 8 About 12% of circulating platelets are replaced every 24 h in order to sustain a sufficient platelet count and their rate in peripheral blood can be increased by a factor of 10 or more in conditions of stress, when demand for thrombocytes rises 9 and upon platelet activation. 10 As a result, production of RPs is increased in ACS patients. 11, 12 Of note, platelet response to the thienopyridines clopidogrel and prasugrel is significantly decreased in dependence of platelet turnover and the amount of circulating RPs 13 -16 resulting in a worse clinical outcome in these patients. 17 -19 These findings indicate that there is a rationale for assessment of RPs for risk stratification in ACS patients receiving dual antiplatelet therapy consisting of aspirin and thienopyridines. 13, 19, 20 The pharmacologic properties of ticagrelor differ considerably from thienopyridines like prasugrel mainly due to a reversible binding capacity at the P2Y 12 receptor. As a result, RPs might have significantly less influence on overall platelet reactivity in response to ticagrelor when compared with prasugrel, which has not been investigated before. Thus, the primary objective of this study was to assess the influence of the immature platelet fraction (IPF) on ADP-induced platelet aggregation in ACS patients treated with either ticagrelor or prasugrel. In addition, we aimed at providing mechanistic insights that might account for the interaction between RPs and platelet reactivity by assessment of P-selectin expression as a marker for platelet activation in the reticulated when compared with non-reticulated platelet (RP) fraction.
Material and methods

Study population
The present study included a cohort of 124 patients with ACS, who were all part of the ongoing randomized multi-centre ISAR-REACT 5 trial. 21 A detailed description of the study protocol as well as inclusion and exclusion criteria for the ISAR-REACT 5 study is listed elsewhere. 21 In brief, all patients received either ticagrelor or prasugrel as a loading dose prior to PCI followed by a maintenance dose of either drug for 12 months together with aspirin as a dual antiplatelet treatment regime. For this pre-specified RP substudy, patients were prospectively recruited at two participating centres of the ISAR-REACT 5 trial (Deutsches Herzzentrum Mü nchen or Klinikum rechts der Isar, Technische Universität, Munich, Germany). All patients who were enrolled in the ISAR-REACT 5 trial in these two centres were prospectively screened for eligibility from the beginning of the ISAR-REACT 5 study until our pre-specified sample size of n ¼ 124 patients was reached. Only patients with available on-prasugrel or on-ticagrelor treatment platelet aggregation values plus corresponding IPF values at the same time point were included. Patients were excluded from the present substudy (i) if they did not receive dual antiplatelet treatment after angiography, (ii) if GPIIbIIIa antagonists were administered and (iii) if patients were on-clopidogrel maintenance treatment before inclusion into the ISAR-REACT 5 study (Figure 1) . In a subgroup of patients (n ¼ 28) ADP-induced P-selectin expression was measured in dependence of the time point of drug intake in RPs that were discriminated from mature platelets by thiazole-orange (TO) staining. Due to logistic reasons and the necessity of immediate blood processing, only blood from patients who were enrolled during core times of our laboratory in one study centre, namely the Klinikum rechts der Isar, could be processed for these analyses.
The study was performed in accordance with the provisions of the Declaration of Helsinki and the study protocol was approved by the institutional ethics committee. All patients gave written informed consent before entering the study.
Blood sampling
Venous whole blood was obtained from an antecubital vein from each patient at baseline before study drug application and 6 -48 h after prasugrel or ticagrelor loading dose administration followed by maintenance treatment to assure sufficient pharmacodynamic action of either drug.
Platelet function testing
Adenosine diphosphate-induced platelet aggregation was measured in whole blood using the Multiplate analyser (Roche Diagnostics, Switzerland), as previously described. 22 Platelet aggregation was quantified as area under the curve (AUC ¼ AU × min) of aggregation units (AU).
Quantification of reticulated platelets by automated haematoanalyser
Reticulated platelets were assessed as percentage of the total optical platelet count (IPF) by flow cytometry using a fully automated analyser (Sysmex XE-5000, Sysmex, Kobe, Japan) in the departments of clinical chemistry in the two participating hospitals. Further assessed parameters included the high immature platelet fraction (H-IPF), mean platelet volume (MPV) and immature platelet count (IPC).
Assessment of expression of the surface protein P-selectin in reticulated and non-reticulated platelets after stimulation with adenosine diphosphate
For logistic reasons, measurement of the expression of P-selectin on reticulated and non-RPs was only available during the core times of our basic clinical research laboratory. As a result, only blood from n ¼ 15 prasugrel-treated patients and n ¼ 13 ticagrelor-treated patients, who were consecutively enrolled, could be processed for P-selectin measurements. Whole blood was taken in dependence of the time point of the study drug intake at (i) 2 h after the last (early) and (ii) 1 h before the next (late) intake of prasugrel or ticagrelor maintenance dose. This resulted in a total of 26 measurements (14 early and 12 late) in the prasugrel group and 22 measurements (11 early and 11 late) in the ticagrelor group. Platelet rich plasma was manually separated from the tube after centrifugation and stained with anti-CD62-PE antibody after Impact of immature platelets on platelet response stimulation with ADP. Reticulated platelets were identified and discriminated from non-RPs through TO labelling of mRNA through incubation of fixed platelets with Reticount w (BD Biosciences). The cells were measured using a Gallios flow cytometer (Beckman Coulter) and data analysis were performed with Kaluza w Version 1.2.12286.11234 (Beckman Coulter).
Statistical analysis
The trial was designed to compare the correlation of platelet aggregation and IPF in ticagrelor-vs. prasugrel-treated patients. Sample size calculation was based on the following assumptions: a very weak correlation coefficient of r ¼ 0.1 between platelet aggregation and IPF for ticagrelor-treated patients and a moderate correlation coefficient of r ¼ 0.55 for prasugrel-treated patients, a power of 0.80 and a twosided alpha level of 0.05. With these assumptions, enrolment of a total of 124 patients (62 patients per group) was required. Variables are presented as mean + SD, numbers (percentages), or median with interquartile range (IQR). Continuous data were compared across groups with non-parametric Mann-Whitney U-test or the two-sided Student's t-test depending on the type of distribution of the analysed variable. Categorial variables were compared using x 2 -test or Fisher's exact test, as appropriate. Spearman correlation coefficient (r) was used to test for the relationship between platelet aggregation values and IPF. Correlation coefficients between independent groups were compared with a z test after application of Fisher's r-to-Z transformation using the R library cocor. 23 Analyses were performed using the software package SPSS Statistics 22 (IBM SPSS, Inc.), the software package R for statistical computing version 2.15.0 (R Foundation, Vienna, Austria) and the software package MedCalc (MedCalc software, Belgium). All statistical tests were performed two sided and a P-value , 0.05 was considered statistically significant. The methods and protocols used in the present study are provided in more detail in Supplementary material, Material and Methods.
Results
Study population
Between September 2013 and August 2014 all patients who were consecutively enrolled in the ISAR-REACT 5 trial were screened for inclusion in this substudy. Figure 1 summarizes the study flow. In 119 patients, measurement of RPs and/or ADP-induced platelet aggregation was not available. Seventy-four patients were excluded because they were not in need of a dual antiplatelet treatment regime after coronary angiography. Six patients disqualified for analysis because they received GPIIbIIIa receptor inhibitors during PCI and 20 patients were excluded because they were on clopidogrel maintenance dose at admission. This resulted in a total of 124 ACS patients who were enrolled in this ISAR-REACT 5 RP study. In a subgroup of these patients (n ¼ 13 in the ticagrelor group and n ¼ 15 in the prasugrel group), who were enrolled during core times of our laboratory, measurements of P-selectin expression after stimulation with ADP were performed additionally ( Figure 1) . Table 1 shows the demographic and laboratory baseline characteristics of the study population, which did not differ significantly between the two treatment arms. The clinical presentation of ACS was similar between the two groups with a relevant number of patients with STEMI (48.4% in the ticagrelor group and 37.1% in the prasugrel group, Table 1 ). Figure 2B ] and no significant association between IPF-and ADP-induced platelet aggregation was observed at baseline (r ¼ 0.11, P ¼ 0.29).
Platelet aggregation and immature
Association between immature platelet fraction and platelet aggregation in response to prasugrel and ticagrelor Platelet aggregation and IPF were measured after drug administration at a median (IQR) time interval of 19 h (14 -25) in the ticagrelor group and at 18 h (14 -22) in the prasugrel group (P ¼ 0.52). Individual measurements of ADP-induced platelet aggregation and IPF as a function of time of blood sampling are shown in Supplementary material online, Figure S1 . Despite the wide spread of blood sampling times, the majority of measurements (74.2% in the ticagrelor group and 80.6% in the prasugrel group) were performed within the first 24 h after study drug intake and no relevant influence of blood sampling times on ADP-induced platelet aggregation or IPF values was observed. In prasugrel-treated patients, the ADP-induced 24 and occurred only in one patient in the ticagrelor group (ADP-induced platelet aggregation 497 AU × min), whereas no HPR was observed in the prasugrel group. In prasugrel-treated patients, the ADP-induced platelet aggregation significantly correlated with IPF (r ¼ 0.41, P , 0.001, Figure 3A) . In contrast, there was no correlation between ADP-induced platelet aggregation and the IPF in ticagrelor-treated patients (r ¼ 0.08, P ¼ 0.51, Figure 3B , P for difference of correlation coefficients P ¼ 0.05). Similar findings were observed for correlation coefficients between ADP-induced platelet aggregation and further assessed parameters such as H-IPF, MPV, and IPC (Supplementary material online, Table S1 ).
P-selectin expression in reticulated and non-reticulated platelets in response to ticagrelor and prasugrel
To further assess platelet activation in reticulated vs. non-RPs, we measured platelet P-selectin (CD62) expression after stimulation with ADP in a subset of prasugrel-and ticagrelor-treated patients who were consecutively enrolled into the study during core times of our laboratory ( Figure 4A ). Baseline characteristics of these patients did not differ relevantly between the two treatment arms and are provided in Supplementary material online, Table S2 . Measurements were either taken at an early and/or at a late time point after study drug intake resulting in a total of n ¼ 48 measurements ( Figure 4B ). In RPs, P-selectin expression upon ADP stimulation was significantly higher when compared with non-RPs in both, prasugrel-and ticagrelor-treated patients (nonreticulated 6.2 + 5.8 vs. reticulated 15.3 + 12.9%, P , 0.0001, Figure 4B ) suggesting a higher prothrombotic potential of immature when compared with mature platelets. Within the RP fraction, P-selectin expression after ADP stimulation was significantly higher in patients treated with prasugrel when compared with those on ticagrelor treatment (prasugrel 18.6 + 16.0% vs. ticagrelor 11.5 + 6.0%, P ¼ 0.047, Figure 4C, left panel) . This difference was not observed in the non-RP fraction (prasugrel 6.7 + 6.8% vs. ticagrelor 5.7 + 4.3%, P ¼ 0.532, Figure 4C, right panel) .
To assess whether different pharmacokinetic properties might contribute to the distinct effects of ticagrelor and prasugrel on RPs, P-selectin expression was analysed in dependence of the time point of study drug intake at exactly (i) 2 h after the last (early) and (ii) 1 h before the next intake of prasugrel or ticagrelor maintenance dose (late) in the RP fraction. Significant differences between early and late platelet P-selectin expression upon ADP stimulation were observed only in prasugrel-treated patients but not in ticagrelor-treated patients (prasugrel early 11.9 + 9.4% vs. prasugrel late 26.3 + 19.0%, P ¼ 0.031, ticagrelor early 9.6 + 4.9% vs. ticagrelor late 13.5 + 6.6%, P ¼ 0.127, Figure 4D ).
Discussion
This is the first study that prospectively assessed the influence of immature platelets on ADP-induced platelet aggregation in ACS patients being randomly assigned to either ticagrelor or prasugrel treatment. The major finding of this study is that platelet reactivity significantly correlated with the IPF in patients receiving prasugrel but not in those receiving ticagrelor for P2Y 12 receptor inhibition. Additionally, we provide evidence that P-selectin expression upon ADP stimulation on the surface of RPs is significantly lower in ticagrelor-treated patients when compared with prasugrel-treated patients which might be explained by differences in the pharmacokinetic profiles and dosing intervals of both drugs.
Although prasugrel and ticagrelor both provided superior efficacy compared with clopidogrel in the pivotal randomized trials, 25, 26 ACS patients continue to have a comparatively high risk of ischaemic events which can be related to an insufficient P2Y 12 receptor inhibition. 2, 4 Besides genetic and clinical factors influencing platelet reactivity, there is emerging evidence that circulating immature and hyper-reactive RPs contribute to atherothrombosis and should be targeted by a more potent antiplatelet treatment strategy especially in ACS patients. 27 Diverse mechanisms how RPs might modulate the pharmacodynamic platelet response to P2Y 12 receptor inhibitors are conceivable. We can confirm previous studies showing that RPs have a moderate but significant impact on platelet reactivity in patients who receive thienopyridines such as prasugrel or clopidogrel for P2Y 12 receptor inhibition. 13 -15 These findings might be explained by an accelerated platelet turnover during ACS resulting in a greater amount of RPs circulating in the blood stream with non-inhibited P2Y 12 receptors on their surface. Prasugrel is a prodrug which is taken every 24 h, although its active metabolite that irreversibly binds to platelets has an elimination half-life of only 7.5 h at the maximum after drug intake. 28 Keeping in mind that about 100 billion new platelets must be produced daily from megakaryocytes to sustain a sufficient platelet count 9 and that this platelet turnover is even increased in ACS patients, 11, 12 it becomes obvious that P2Y 12 receptors on the surface of RPs are unlikely to be inhibited if they are produced during a time gap between the degradation of prasugrel's active metabolite until the next maintenance dose will be taken. Indeed, our findings indicate that RPs are less inhibited by prasugrel when compared with ticagrelor especially during the last hours of the dosing interval concluding that once daily dosing of prasugrel might be insufficient in patients with a high platelet turnover and a high amount of RPs. Likewise, it has been shown that thienopyridines are ineffective to inhibit donor platelets received from platelet transfusions. 29 Similarly to thienopyridines, the antiplatelet efficacy of low-dose aspirin, which is another agent with a short half live and an irreversible platelet inhibition, has also shown to be influenced by RPs especially in patients with a high platelet turnover suggesting that once daily dosing of aspirin might not provide adequate 24 h blockade of platelet inhibition in these patients as well. 30 -32 These cumulative findings could be of relevant clinical significance even if overall platelet inhibition, as assessed by multiple electrode aggregometry, is below the threshold for HPR. Especially, if a few hyper-reactive platelets might be enough to cause severe thrombembolic complications. With the results presented here we are the first to show that overall platelet reactivity in response to ticagrelor is not influenced by RPs in patients with ACS undergoing PCI. In this context, we also showed that in RPs, P-selectin expression after ADP stimulation was significantly less inhibited by prasugrel when compared with ticagrelor indicating that ticagrelor might be superior for inhibition of RPs. In contrast to prasugrel, ticagrelor is an active drug that does not require metabolic activation and, of importance, it antagonizes the platelet P2Y 12 receptor through a reversible noncompetitive binding manner. 33 These pharmacokinetic properties including a ticagrelor plasma half-life of 11 h 34 together with a dosing interval of every 12 h result in a continuous circulation of active reversibly binding ticagrelor within peripheral blood which-in contrast to thienopyridines-enables a continuous inhibition of P2Y 12 receptors on RPs that are newly released from the bone marrow. In line with these findings, it has been shown that donor platelet transfusions in humans are ineffective to reverse the antiplatelet efficacy of ticagrelor. 35 Additionally, a prior study in rats indicated that immature platelets that were produced after clopidogrel treatment exposed active P2Y 12 receptors that were fully sensitive to reversible P2Y 12 antagonism with ticagrelor. 36 Interestingly, we found that P-selectin expression was significantly higher in RPs as compared with non-RPs in both, ticagrelor-and prasugrel-treated patients despite a high overall inhibition of ADP-induced platelet aggregation as assessed by the multiplate analyser which could point to an enhanced prothrombotic potential of RPs 8 and might indicate that measurement of ADP-induced platelet aggregation with multiple electrode aggregometry alone might not be sufficient for assessment of platelet inhibition in patients with a high platelet turnover.
Conclusion
The impact of RPs on platelet reactivity is greater in response to prasugrel when compared with ticagrelor. Whether ticagrelor could be beneficial for the clinical outcome in patients with a high platelet turnover warrants further investigation.
Study limitations
Since TO staining of RPs and measurement of platelet P-selectin expression was only available during core times of our laboratory, we were not able to provide these data for all of the patients included in this study, which limits generalizability of these findings. In addition, we used only one method for platelet function testing. Finally, the clinical relevance of our findings is unclear and will be clarified by our ongoing investigation on the relative merits of ticagrelor and prasugrel in patients with ACS 21 (ClinicalTrials.gov, NCT01944800).
Supplementary material
Supplementary material is available at European Heart Journal online.
